In the never-ending quest for better detection efficiency and spatial resolution, various thermal neutron detection schemes have been proposed over the years. Given the presence of some converting layers (typically boron, but 6 LiF is also widely used nowadays), the shift towards concepts based on solid state detectors has been steadily increasing and ingenious schemes thereby proposed. However, a trade-off has been always sought for between efficiency and spatial resolution; the problem can be (at least partially) circumvented using more elaborate geometries, but this complicates the sample preparation and detector construction. Thus, viable alternatives must be found. What we proposed (and verified experimentally) is a detection scheme based on the superconducting to normal transition. More precisely, using a boron converting layer, the α particles (generated in the (n, α) reaction) crossing a low critical temperature superconducting strip some 10 µm wide have been detected; the process, bolometric in nature and based on the ionization energy loss, is intrinsically fast and the spatial resolution very appealing. In this work, some of the work done so far will be illustrated, together with the principles of the measurement and various related problems. The realization of the detector is based on industrial deposition and photolitographic techniques well within the grasp of a condensed matter laboratory, so that there is substantial room for improvement over our elementary strip geometry. Some of the plans for future work will also be presented, together with some improvements both in the choice of the materials and the geometry of the detector.
Introduction
The use of neutron detectors dates back from the early days of nuclear physics [1] . Besides their use in fundamental studies, the rapid development of suitable devices also took place in connection with nuclear fission phenomena where the importance of thermal neutrons became readily apparent. Since then, a variety of different techniques have been developed, with different physical phenomena exploited in relation to the energy range of interest. Thus, the recoil or scattering phenomena in the detecting material are used in the meV neutron energy range while the absorption phenomena are preferred in the thermal energy (that is, typically 25 meV) range. This is due to the very high value of the absorption cross section which, in some cases, can easily exceed 10 3 barn. In either case, neutron detection is achieved by means of the ionization energy loss suffered by the secondary charged products of the reaction which, in the simplest cases, takes place in a gas chamber with an appropriate electrode configuration. Typical examples of gas chambers are 3 He and BF 3 tubes for thermal neutrons and fission counters for both thermal and fast neutrons.
The situation evolved significantly with the advent of the semiconductor industry, when Ge and Si became routinely available and the first charged particle detectors realized. It is at that time that Figure 1 . Pictorial view of the hot spot creation in the sc strip. For later convenience, the incoming neutron beam generating α-particles in the B film is also shown. Note, the bias current lines being pushed out of the normal zone to the sides of the strip. To simplify matters, the α-particle is supposed to be emitted in a direction normal to the strip (Adapted from [11] , with the permission of AIP Publishing).
According to a bolometric model and assuming cylindrical symmetry, one can write an energy balance between the energy lost and the enthalpy per unit volume of the material [13] thus, Δh πr 2 c = (dE/dx)ion (1) where rc defines the radius of the circular cross section normal to the charged particle trajectory and h is the enthalpy per unit volume. This means that Δh is the enthalpy difference per unit volume for the superconducting to normal transition which, in turn, can be written in terms of the thermodynamic critical magnetic field of the material: Δh = B 2 c(T)/2µ0, with Bc(T) → 0 as T → Tc. Thus, close to Tc switching to the normal state is easier (on energetic grounds). Since hot-spot measurements are performed at a fixed temperature, so is the value of rc. Experimental evidence of the superconducting to normal transition is obtained through measurement of a finite voltage drop across the strip. As a matter of fact, α particle detection by means of superconducting strips started as early as 1949 with the seminal work by Andrews et al. [14] . These authors measured pulses coming from a long NbN (actually CbN) strip kept at low temperature and irradiated by α-particles coming from a polonium source. Other authors subsequently observed the same phenomena and attempted a first quantitative analysis [15] , but a more thorough understanding of the problem came with more recent work [16, 17] . It has been found that the process, a bolometric one, can be modelled using a classical heat transport equation, yielding results in good agreement with the experimental data. In particular, assuming the lattice contribution to heat transport is negligible, the deduced radius of the hot normal region is almost the same previously found (Equation (1)) by means of a much simpler argument. Moreover, under the above assumption (no lattice contribution), good agreement with data implies that relaxation times are very fast (in the order of 1 ns or less). This is somewhat confirmed by the observation of the time structure of the measured voltage pulses [17] . The size of the hot region is closely connected to the amplitude of the observed voltage pulse. Assuming a uniform material with critical current Ic(T), it is reasonable to write the following relation for the critical current under irradiation Iα [17] Iα (T) = Ic(T) ( 
where explicit temperature dependence has been indicated, w is the film width, and 2rc the diameter of the circular cross section of the hot spot. The physical meaning of this relationship is easily appreciated: the presence of the normal (resistive) region causes a shrinking of the current channel, Figure 1 . Pictorial view of the hot spot creation in the sc strip. For later convenience, the incoming neutron beam generating α-particles in the B film is also shown. Note, the bias current lines being pushed out of the normal zone to the sides of the strip. To simplify matters, the α-particle is supposed to be emitted in a direction normal to the strip (Adapted from [11] , with the permission of AIP Publishing).
According to a bolometric model and assuming cylindrical symmetry, one can write an energy balance between the energy lost and the enthalpy per unit volume of the material [13] thus,
where r c defines the radius of the circular cross section normal to the charged particle trajectory and h is the enthalpy per unit volume. This means that ∆h is the enthalpy difference per unit volume for the superconducting to normal transition which, in turn, can be written in terms of the thermodynamic critical magnetic field of the material: ∆h = B 2 c (T)/2µ 0 , with B c (T) → 0 as T → T c . Thus, close to T c switching to the normal state is easier (on energetic grounds). Since hot-spot measurements are performed at a fixed temperature, so is the value of r c . Experimental evidence of the superconducting to normal transition is obtained through measurement of a finite voltage drop across the strip. As a matter of fact, α particle detection by means of superconducting strips started as early as 1949 with the seminal work by Andrews et al. [14] . These authors measured pulses coming from a long NbN (actually CbN) strip kept at low temperature and irradiated by α-particles coming from a polonium source. Other authors subsequently observed the same phenomena and attempted a first quantitative analysis [15] , but a more thorough understanding of the problem came with more recent work [16, 17] . It has been found that the process, a bolometric one, can be modelled using a classical heat transport equation, yielding results in good agreement with the experimental data. In particular, assuming the lattice contribution to heat transport is negligible, the deduced radius of the hot normal region is almost the same previously found (Equation (1)) by means of a much simpler argument. Moreover, under the above assumption (no lattice contribution), good agreement with data implies that relaxation times are very fast (in the order of 1 ns or less). This is somewhat confirmed by the observation of the time structure of the measured voltage pulses [17] . The size of the hot region is closely connected to the amplitude of the observed voltage pulse. Assuming a uniform material with critical current I c (T), it is reasonable to write the following relation for the critical current under irradiation I α [17] I α (T) = I c (T)(1 − 2r c /w)
where explicit temperature dependence has been indicated, w is the film width, and 2r c the diameter of the circular cross section of the hot spot. The physical meaning of this relationship is easily appreciated:
4 of 12 the presence of the normal (resistive) region causes a shrinking of the current channel, so that at a fixed bias current (I b ) the critical current density (J c ) can be locally exceeded. This, thus, causes a transition along the entire width of the strip. It must be noted that "partial" transitions not involving the entire width of the strip may also take place, i.e., the so called self-recovering pulses. Since the voltage drop occurs only across the normal zone, it follows that the maximum value of the voltage amplitude is given by V = 2r c ρJ c (3) with ρ the normal state residual resistivity of the material and where J c is the local transport critical current density. Using reasonable estimates for typical material parameters of elemental superconductors, one obtains minimum values for r c and V in the order of 1 µm and 10 mV, respectively. More appropriate figures will be given later, when discussing the results of real experiments. Also, typical values of the ionization energy loss for particles in Nb and NbN thin films are in the order of 200 keV (200-600 keV/µm, depending on the incident α particle energy) and projected ranges around 2 µm (at least for particles hitting the strip at angles reasonably close to normal incidence). For future reference, it must be noted that when 7 Li ions are involved, these figures are about 60% of those appropriate to α particles [18] . In both cases, since the SSPD is deposited on a substrate, this means that the charged particle will deposit most of its energy in it. Thus, heating of the substrate can, in principle, interfere with measurement since heat can flow back to the superconductor via phonon transport. This problem has been tackled in [18] where it was shown that a proper thermal decoupling is mandatory in order to ensure reliable operation of the detector. A proper understanding of all details of the heat pulse propagation (related to pulse rise-time) is beyond the scope of the present work, but essentially the behaviour of these transient phenomena is explained in terms of equilibrium or non-equilibrium models depending on the relative coupling between electron and phonon populations of the superconducting material [19, 20] . An interesting and extensive discussion of the two approaches related to the operation of superconducting strip particle detectors can be found in [21] , where the situation is described in some detail and estimates are made of the various time scales involved. For quite recent work on this subject, see also [22] . These authors provide an extensive, up-to-date review more oriented towards photon detection and also discuss, in detail, the realization of multiple devices for single-photon counting.
If we now think of adding a layer of boron on top of the SSPD, we are led to the working principle of the neutron detector ( Figure 1 ). Just observe that thermal neutron detection takes place thanks to absorption according to the reactions 10 B + n → + 7 Li (BR 7%, with E = 1.47 meV and E Li = 0.84 meV) and 10 B + n → + 7 Li + (478 keV) (BR 93%, with E = 1.71 meV and E Li = 1.02 meV) where the relative branching ratios are given. Since the incident neutron energy is in the thermal region, the charged secondary products are emitted almost at 180 • so that either particle is detected by the underlying SSPD, thereby increasing the efficiency. It can be shown that for the typical conditions of the experiments performed so far (superconducting films with thickness in the order of 0.3-0.5 µm), the absorption probability is in the order of 10 −4 . Furthermore, at the INES beamline (Rutherford Appleton Laboratory) used in the experiments, the gamma flux is an order of magnitude lower compared to neutrons so that the overall effect of gamma radiation can be safely ignored even at count rates less than 1 c/s typical of this experimental setup.
Using this bilayer configuration (B + SSPD), strips were prepared of various dimensions and two different superconductors, namely N and NbN. We then added boron layers, both natural and 10 B only. At first, experiments were performed with Nb + B to demonstrate the principle of the measurement. Then, NbN + B samples were also irradiated with the added advantage of working at slightly higher temperatures and much higher detected voltages with no need for any pre-amplification stages.
For the sake of precision, it should be noted that some work similar to ours has been done by Ishida and co-workers in a series of papers. Initially, a scheme based on the absorption in the superconducting compound MgB 2 has been proposed [23] (so that the same material acts both as a converting and detecting medium) where voltage pulses under irradiation have been observed. In later works [24, 25] an interesting concept has been proposed where detection is made possible by a boron layer superimposed on a Nb nanowire. Also, in this case, the time structure of the voltage pulses has been investigated under neutron irradiation. However, elaborate as these schemes may be, it must be pointed out that in these works no estimate on the efficiency is provided, nor a study of the count rate has been attempted. Thus, it is difficult to assess their relevance toward the realization of a practical detector.
We turn now to the description of recent experiments and summarize their results. Emphasis will be given to the relevant aspects, with all details being available in P1 and P2.
Sample Preparation and Characterization
Two distinct experiments were run with different superconducting materials, namely Nb and NbN. Both of them exhibit excellent mechanical properties and radiation hardness, allowing use at intense neutron sources with no significant degradation in their superconducting properties. In particular, NbN can tolerate a fast neutron dose of 10 19 n/cm 2 with a decrease in the order of only 1% in the critical temperature [13] . Nb and NbN thin films were deposited on Si substrates according to procedures outlined in P1 and P2, briefly summarized here. The Si substrates are fabricated with 1 µm of SiO 2 thermally grown oxide on top, and Nb or NbN films are prepared by magnetron sputtering at an Ar gas pressure in the range of 10 −3 mbar. The final thickness of the samples was measured ex situ by a profilometer, also used to calibrate the Nb sputtering rates. Before the deposition, the substrates were covered with photoresist and processed using a standard photolithographic technique in order to define the strip geometry. The latter consists of a rectangular strip with four terminal pads for the electrical connections, as shown in Figure 2 . pointed out that in these works no estimate on the efficiency is provided, nor a study of the count rate has been attempted. Thus, it is difficult to assess their relevance toward the realization of a practical detector.
Two distinct experiments were run with different superconducting materials, namely Nb and NbN. Both of them exhibit excellent mechanical properties and radiation hardness, allowing use at intense neutron sources with no significant degradation in their superconducting properties. In particular, NbN can tolerate a fast neutron dose of 10 19 n/cm 2 with a decrease in the order of only 1% in the critical temperature [13] . Nb and NbN thin films were deposited on Si substrates according to procedures outlined in P1 and P2, briefly summarized here. The Si substrates are fabricated with 1 µm of SiO2thermally grown oxide on top, and Nb or NbN films are prepared by magnetron sputtering at an Ar gas pressure in the range of 10 −3 mbar. The final thickness of the samples was measured ex situ by a profilometer, also used to calibrate the Nb sputtering rates. Before the deposition, the substrates were covered with photoresist and processed using a standard photolithographic technique in order to define the strip geometry. The latter consists of a rectangular strip with four terminal pads for the electrical connections, as shown in Figure 2 . After the deposition, the final structures were obtained by lift-off. Strip detectors with length L in the range 400-800 µm, width w = 10-20 µm, and thickness d = 150-200 nm were obtained. The neutron sensitive boron layer was deposited on all the strip detectors by electron beam evaporation through a circular mechanical shadow mask, for a thickness of 450 nm. Because of the 20% abundance of 10 B in natural B, this thickness gives a calculated efficiency of roughly 1% for the (n-α) reaction occurring in the thermal energy range. Depositions of isotopic 10 B were also performed for a thickness of 90 nm which, in terms of absorption, is equivalent to the previous samples. After preparation and prior to neutron irradiation, the samples were characterized by means of electrical measurements (both in our laboratory and mounted in position at the pulsed neutron source). Data was taken just before irradiation using a standard four contact geometry, biasing the samples with a current Ib and measuring the voltage V using a Keithley 2400 Source Meter. The noise figure on Ib is ΔIb = 50 µA and 1 µA for Ib in the ranges of 10 mA and 100 mA, respectively. The samples were fixed at the tip end of a cold finger inside a He-flow cryostat which allowed for measurements in the temperature range 1.8-20 K with an accuracy of ΔT = 0.01 K, as measured by a thermometer located in contact with the sample holder close to the sample. After the deposition, the final structures were obtained by lift-off. Strip detectors with length L in the range 400-800 µm, width w = 10-20 µm, and thickness d = 150-200 nm were obtained. The neutron sensitive boron layer was deposited on all the strip detectors by electron beam evaporation through a circular mechanical shadow mask, for a thickness of 450 nm. Because of the 20% abundance of 10 B in natural B, this thickness gives a calculated efficiency of roughly 1% for the (n-α) reaction occurring in the thermal energy range. Depositions of isotopic 10 B were also performed for a thickness of 90 nm which, in terms of absorption, is equivalent to the previous samples. After preparation and prior to neutron irradiation, the samples were characterized by means of electrical measurements (both in our laboratory and mounted in position at the pulsed neutron source). Data was taken just before irradiation using a standard four contact geometry, biasing the samples with a current I b and Instruments 2018, 2, 4 6 of 12 measuring the voltage V using a Keithley 2400 Source Meter. The noise figure on I b is ∆I b = 50 µA and 1 µA for I b in the ranges of 10 mA and 100 mA, respectively. The samples were fixed at the tip end of a cold finger inside a He-flow cryostat which allowed for measurements in the temperature range 1.8-20 K with an accuracy of ∆T = 0.01 K, as measured by a thermometer located in contact with the sample holder close to the sample.
Preliminary measurements were performed to characterize the detectors and to determine some useful parameters for their calibration. In Figure 3 , the resistance (R), normalized with respect to its value in the normal state (R N ), is shown as a function of the temperature T for Nb and NbN strips not exposed to the neutron beam. All samples were of comparable quality, showing small dispersion in their electrical characteristics. The zero resistance critical temperature (T c0 ) here reported is 8.46 and 13.67 K for Nb and NbN strips of thickness d, respectively. Preliminary measurements were performed to characterize the detectors and to determine some useful parameters for their calibration. In Figure 3 , the resistance (R), normalized with respect to its value in the normal state (RN), is shown as a function of the temperature T for Nb and NbN strips not exposed to the neutron beam. All samples were of comparable quality, showing small dispersion in their electrical characteristics. The zero resistance critical temperature (Tc0) here reported is 8.46 and 13.67 K for Nb and NbN strips of thickness d, respectively. The current density J = I/(W × d) versus V characteristics have been measured at the same reduced temperature t = T/Tc0 = 0.89 K for the same strips reported in Figure 3 . The current density increases up to the critical value Jc where a sudden increase in the voltage is measured. From the data, a higher Jc for Nb than for NbN can be inferred, as well as a correspondent voltage step about one order of magnitude larger in the case of NbN with respect to Nb. For J > Jc, the J-V characteristics are Ohmic, as expected. From the slope of these characteristics and the strip size, the resistivity values in the normal state (just above the resistive transition) turned out to be N = 2.5 µΩcm and 250 µΩcm for Nb and NbN, respectively. The much higher value of ρ for NbN is responsible for the higher switching voltage measured. This is in agreement with Equation (3), but Jc and rc dependency should be also taken into account.
Data Collection and Summary of Results
Data was always taken with the strips at a fixed temperature, reasonably close to Tc. Since Ic is a decreasing function of temperature, the bias current (to be set at a value just below Ic in order to make the transition more energetically convenient) is low enough to avoid self-heating effects in the contacts (see Figure 4 for details). The current density J = I/(W × d) versus V characteristics have been measured at the same reduced temperature t = T/T c0 = 0.89 K for the same strips reported in Figure 3 . The current density increases up to the critical value J c where a sudden increase in the voltage is measured. From the data, a higher J c for Nb than for NbN can be inferred, as well as a correspondent voltage step about one order of magnitude larger in the case of NbN with respect to Nb. For J > J c , the J-V characteristics are Ohmic, as expected. From the slope of these characteristics and the strip size, the resistivity values in the normal state (just above the resistive transition) turned out to be N = 2.5 µΩcm and 250 µΩcm for Nb and NbN, respectively. The much higher value of ρ for NbN is responsible for the higher switching voltage measured. This is in agreement with Equation (3), but J c and r c dependency should be also taken into account.
Data was always taken with the strips at a fixed temperature, reasonably close to T c . Since I c is a decreasing function of temperature, the bias current (to be set at a value just below I c in order to make the transition more energetically convenient) is low enough to avoid self-heating effects in the contacts (see Figure 4 for 
Figure 4.
Critical current curve as a function of reduced temperature t for the Nb strip. Also shown (marked by a *) is one of the possible operating points close to Tc, which may be chosen for the measurements. The continuous line is a fit using a (1 − t 2 ) 3/2 dependence (Adapted from [12] , with the permission of IOP Publishing).
However, there are two distinct sets of measurements that can be performed to assess the properties of the detector. On the one hand, there are purely "electrical" measurements, that is I-V curves with irradiation on/off. Since the value of the critical current drops during irradiation (see Equation (2)), this effect must be clearly visible in the data. As a matter of fact, it is the signature of neutron detection. On the other hand, there is the "classical" measurement of the count rate. Once this is done, the count rate as a function of bias current has been studied, finding linear behaviour in agreement with previous measurements on strips directly irradiated by α particles [18] . However, there are a few points to be examined before discussing the data:
• Effect of contacts: in one set of measurements, electrical contact with the measurement apparatus was made by means of silver paint droplets on the contact pads. In principle, this can be a problem since Ag may become activated under thermal neutron irradiation with subsequent decay via charged products. To circumvent the problem, samples used in subsequent measurements were used where electrical contact was made via micro-bonding. Upon irradiation, no difference has been observed with previous measurements in the same experimental conditions, so the effect is deemed to be negligible and the bonding technique immaterial.
• Phonon decoupling: this has been most simply accomplished with the use of SiO2 on top of the substrates. This amorphous layer which is 1 µm thick seriously hinders phonon propagation from the crystalline Si back to the superconducting (sc) strip. It can be estimated that the phonon mean free path in the oxide is probably around 100 nm, although the value at low temperatures is strongly dependent on the film deposition technique. It should also be noted that boundary scattering from the interfaces could play a role in limiting the amount of heat transferred back to the sc strip. Crittenden [17] demonstrated that phonon decoupling takes place with just 30 nm of varnish deposited on the substrate.
• Blank measurements: in order to confirm the validity of our first set of measurements, data was also taken from irradiating a "naked" strip that is just Nb with no boron layer superimposed. Following the same procedure, no counts were recorded for times up to 30 min after starting the irradiation, thereby confirming that the boron layer is indeed responsible for neutron absorption and indirect detection.
• With the experimental conditions described in P1 and P2 the expected count rate is in the order of 9 counts/min. This rate, which is quite low considering also the limited time available for irradiation, did not allow the performance any systematic study of the pulse shape and was barely sufficient to accumulate the statistics needed to demonstrate detector operation. Critical current curve as a function of reduced temperature t for the Nb strip. Also shown (marked by a *) is one of the possible operating points close to T c , which may be chosen for the measurements. The continuous line is a fit using a (1 − t 2 ) 3/2 dependence (Adapted from [12] , with the permission of IOP Publishing).
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Phonon decoupling: this has been most simply accomplished with the use of SiO 2 on top of the substrates. This amorphous layer which is 1 µm thick seriously hinders phonon propagation from the crystalline Si back to the superconducting (sc) strip. It can be estimated that the phonon mean free path in the oxide is probably around 100 nm, although the value at low temperatures is strongly dependent on the film deposition technique. It should also be noted that boundary scattering from the interfaces could play a role in limiting the amount of heat transferred back to the sc strip. Crittenden [17] demonstrated that phonon decoupling takes place with just 30 nm of varnish deposited on the substrate.
Blank measurements: in order to confirm the validity of our first set of measurements, data was also taken from irradiating a "naked" strip that is just Nb with no boron layer superimposed. Following the same procedure, no counts were recorded for times up to 30 min after starting the irradiation, thereby confirming that the boron layer is indeed responsible for neutron absorption and indirect detection.
• With the experimental conditions described in P1 and P2 the expected count rate is in the order of 9 counts/min. This rate, which is quite low considering also the limited time available for irradiation, did not allow the performance any systematic study of the pulse shape and was barely sufficient to accumulate the statistics needed to demonstrate detector operation. All measurements under neutron irradiation have been taken opening a system of mechanical jaws, so the two experimental conditions are labelled as jaws open or closed, respectively. The neutron beam at the INES beam line has energies in the thermal and epithermal regions, with a peak at E n = 25 meV and with an estimated fluence at the sample position of 2 × 10 5 n/s/cm 2 .
Critical current data was taken (at a fixed temperature T) opening the jaws, then slowly increasing the bias current until a transition was observed. The switching point defined the critical current under irradiation. In Figure 5 , the magnitude of the critical current jump in presence of irradiation is shown. The data shown refer to one of the NbN samples examined in P2 and a decrease in the order of 25% in the critical current is easily appreciated. Also to be noticed is the magnitude of the voltage at the switching point, in excess of 10 V. As previously stated, this value, directly measured at the sample with no preamplification at all, is related to the high normal state resistivity of NbN immediately above the transition.
Instruments 2018, 2, x 8 of 11
All measurements under neutron irradiation have been taken opening a system of mechanical jaws, so the two experimental conditions are labelled as jaws open or closed, respectively. The neutron beam at the INES beam line has energies in the thermal and epithermal regions, with a peak at En = 25 meV and with an estimated fluence at the sample position of 2 × 10 5 n/s/cm 2 .
Critical current data was taken (at a fixed temperature T) opening the jaws, then slowly increasing the bias current until a transition was observed. The switching point defined the critical current under irradiation. In Figure 5 , the magnitude of the critical current jump in presence of irradiation is shown. The data shown refer to one of the NbN samples examined in P2 and a decrease in the order of 25% in the critical current is easily appreciated. Also to be noticed is the magnitude of the voltage at the switching point, in excess of 10 V. As previously stated, this value, directly measured at the sample with no preamplification at all, is related to the high normal state resistivity of NbN immediately above the transition. For the same reason, the switching values for Nb strips measured in comparable conditions do not usually exceed 40-50 mV (see P1). There also other reasons to suggest NbN as a stronger candidate for this kind of detector: higher Tc and lower Jc allow operation at higher temperatures and reduced bias currents, reducing the importance of electrical and thermal fluctuations. Moreover, as noted in P2, flux-flow effects related to vortex dynamics allow for better definition of the bias current close to transition. Inverting the simple model relation (2) we can infer a diameter of the hotspot in the order of 5 µm, which is the right order of magnitude. Moreover, since Δh for Nb and NbN (for Nb, see for instance [23] ) is not very different (at the same temperature), we see from (1) that we may take this value as typical. On the other hand, measurement of the count rate is performed with both temperature and bias current fixed. However, since the strip is not self-resetting a proper dead time must be chosen to allow for recovery. In other words, once the strip has undergone a superconducting to normal transition it has to be brought back to the superconducting state (in the "ready" state). This is accomplished by switching off the bias current and waiting long enough for the sample to regain a temperature T < Tc. With a trial and error procedure monitoring the temperature value after the transition, a safe value of 120 s was chosen to wait before ramping up the bias current again. By definition, this is just the dead time τ of the detector. This unusually large value has been dictated primarily by the use of a He flow cryostat (as opposed to a liquid He bath where cooling is much faster). As already noted, the expected count-rate is in the order of 0.1 c/s so that the classical model of a non-paralyzable counter can still be used to extract the true count rate, where Ctrue = Cexp/(1 − τ Cexp). Despite the fact that τCexp ~ 0.3-0.7 for the data shown in Figure 3 of P1, For the same reason, the switching values for Nb strips measured in comparable conditions do not usually exceed 40-50 mV (see P1). There also other reasons to suggest NbN as a stronger candidate for this kind of detector: higher Tc and lower Jc allow operation at higher temperatures and reduced bias currents, reducing the importance of electrical and thermal fluctuations. Moreover, as noted in P2, flux-flow effects related to vortex dynamics allow for better definition of the bias current close to transition. Inverting the simple model relation (2) we can infer a diameter of the hot-spot in the order of 5 µm, which is the right order of magnitude. Moreover, since ∆h for Nb and NbN (for Nb, see for instance [23] ) is not very different (at the same temperature), we see from (1) that we may take this value as typical. On the other hand, measurement of the count rate is performed with both temperature and bias current fixed. However, since the strip is not self-resetting a proper dead time must be chosen to allow for recovery. In other words, once the strip has undergone a superconducting to normal transition it has to be brought back to the superconducting state (in the "ready" state). This is accomplished by switching off the bias current and waiting long enough for the sample to regain a temperature T < T c . With a trial and error procedure monitoring the temperature value after the transition, a safe value of 120 s was chosen to wait before ramping up the bias current again. By definition, this is just the dead time τ of the detector. This unusually large value has been dictated primarily by the use of a He flow cryostat (as opposed to a liquid He bath where cooling is much faster). As already noted, the expected count-rate is in the order of 0.1 c/s so that the classical model of a non-paralyzable counter can still be used to extract the true count rate, where C true = C exp /(1 − τ C exp ).
Despite the fact that τC exp~0 .3-0.7 for the data shown in Figure 3 of P1, inverting the above relation one can verify that C true can still be estimated with good sensitivity. A typical stretch of data is shown in Figure 6 where V-t and I-t traces are plotted together. Voltage spikes correspond to a detection event, followed by a drop to zero of the bias current for a time duration. The detector is then ready again.
typical stretch of data is shown in Figure 6 where V-t and I-t traces are plotted together. Voltage spikes correspond to a detection event, followed by a drop to zero of the bias current for a time duration. The detector is then ready again.
It is interesting to note that the correction formula is normally applied in connection with high count rates and relatively short dead times, while the present case represents a situation of long dead times and low count rates.
Thus, there is a distribution of waiting times (when the bias current is on, until a voltage spike appears) that, in principle, could be measured. This was not possible due to limited statistics, but a rough analysis showed that out of a total of N intervals, the number of these with a duration shorter than the average is larger than N/2 as predicted by a Poisson distribution. Remaining at fixed temperature T, the same procedure can be repeated by slowly increasing the bias current and measuring the true count rate again. Thus, we were able to graph the count rate as a function of the bias current (see Figure 6 of P1), obtaining a linear behaviour. This is in agreement with results found in [17] where the count rate has been measured for a wider range of currents. The observed count rate has been then compared to the predicted value obtained using beam-line data, such as neutron fluence and energy distribution. Assuming that the absorbed beam fraction by a film with thickness t is nBσabst in the thin-target limit and that an α or a 7 Li ion is always detected, the measured value is a factor of 3 smaller than the prediction. Apart from absolute flux data, there are several sources of uncertainty: the highest value of the count rate we were able to estimate (the one we compared with prediction) is almost certainly not the highest and the film boron density used in the absorption calculation is certainly lower than the bulk figure used here, possibly by as much as 10%. Also, in view of the strip geometry used, the escape probability Pα(E) must be correctly estimated since charged particles emitted at large angles may easily escape detection. Given the relatively high Q-values of the reactions involved, the escape probability can be taken as energyindependent and estimated using calculations presented in [26] where a similar geometry has been considered in some detail. Thus, a value Pα ~ 0.5 has been chosen.
Using similar arguments the detection efficiency can also be estimated. This turned out to be 0.5% at the thermal peak (En = 25 meV). Without resorting to complicated geometries, this figure can be easily improved up to 2%, just increasing the thickness of the boron absorber. Together with a spatial resolution of 10 µm, this makes this configuration already attractive. However, it is a generally accepted view [26] that the thickness of the absorber should not exceed 2 µm, seeking a compromise It is interesting to note that the correction formula is normally applied in connection with high count rates and relatively short dead times, while the present case represents a situation of long dead times and low count rates.
Thus, there is a distribution of waiting times (when the bias current is on, until a voltage spike appears) that, in principle, could be measured. This was not possible due to limited statistics, but a rough analysis showed that out of a total of N intervals, the number of these with a duration shorter than the average is larger than N/2 as predicted by a Poisson distribution.
Remaining at fixed temperature T, the same procedure can be repeated by slowly increasing the bias current and measuring the true count rate again. Thus, we were able to graph the count rate as a function of the bias current (see Figure 6 of P1), obtaining a linear behaviour. This is in agreement with results found in [17] where the count rate has been measured for a wider range of currents. The observed count rate has been then compared to the predicted value obtained using beam-line data, such as neutron fluence and energy distribution. Assuming that the absorbed beam fraction by a film with thickness t is n B σ abs t in the thin-target limit and that an α or a 7 Li ion is always detected, the measured value is a factor of 3 smaller than the prediction. Apart from absolute flux data, there are several sources of uncertainty: the highest value of the count rate we were able to estimate (the one we compared with prediction) is almost certainly not the highest and the film boron density used in the absorption calculation is certainly lower than the bulk figure used here, possibly by as much as 10%. Also, in view of the strip geometry used, the escape probability P α (E) must be correctly estimated since charged particles emitted at large angles may easily escape detection. Given the relatively high Q-values of the reactions involved, the escape probability can be taken as energy-independent and estimated using calculations presented in [26] where a similar geometry has been considered in some detail. Thus, a value P α~0 .5 has been chosen.
Using similar arguments the detection efficiency can also be estimated. This turned out to be 0.5% at the thermal peak (E n = 25 meV). Without resorting to complicated geometries, this figure can be easily improved up to 2%, just increasing the thickness of the boron absorber. Together with a spatial resolution of 10 µm, this makes this configuration already attractive. However, it is a generally accepted view [26] that the thickness of the absorber should not exceed 2 µm, seeking a compromise between detection probability and escape probability. Above this limit value, the escape probability starts decreasing so that the overall detector performance is negatively affected. It is clear then that we must think of more elaborate geometries, both planar and 3D.
Conclusions and Overview
Although in P1 and P2 it has been demonstrated that the operating principle of the detector is sound, more work has to be done to understand its properties thoroughly. The relatively high values of the switching voltages (around 10 V for NbN) and the linear behaviour of the count rate as a function of the bias current are encouraging, but a wider current range should be explored, and the time structure of the voltage pulses should be properly investigated. Also, a systematic study of the effect of the strip width should be carried out to optimize the count rate. However, with estimated values of r c in the order of a few microns, widths of 10-20 µm are likely to be appropriate. Pursuing these objectives with present day sources is not an easy task due to the quite low count rate available. Another obvious improvement over the present setup would be using a liquid He cryostat (with some beam loss due to neutron scattering in helium). Improved heat exchange would allow us to choose a much shorter dead time τ (the recovery time of the strip), possibly in the order of 1-5 s so that, in principle, higher flux rates could be managed. This figure is more than adequate noting that in state-of-the art neutron sources (pulsed and reactors) fluxes in the range 10 6 n/s/cm 2 are available in the thermal and epithermal range, with predicted maximum count rates in the order of 1 c/s at the strip position. Also, there is significant room for improvement towards a better spatial resolution: the strip width can be reduced down to 1 µm using optical techniques based on lithography, though at the expense of a loss of efficiency, since this is proportional to the strip area. In principle, strips of sub-micrometer width can also be prepared, but only using electron beam lithography or complex optical instrumentation. However, a real improvement could only be achieved with more complicated geometries such as multifingers (several parallel strips) and crossed lines (possibly superimposed). Using information from neighbouring strips, the spatial resolution could be lowered down to 5 µm without reducing the strip width (and efficiency). Polarization and readout are not a problem, since all contacts to/from the strip can be directed to wide bonding pads where contact with the equipment is made using standard automatic bonding techniques borrowed from the semiconductor industry. For prototype building, the possibility of using 6 LiF as an absorber has also to be taken into account. The lower value of the absorption cross section (compared to 10 B) is compensated by a much easier deposition procedure of layers with thickness in the range of 1-2 µm.
The use of High-T c superconducting materials can also be considered, but the simple crystalline structure of many low-T c superconductors makes them more attractive when ease of deposition and patterning is considered. Also, the higher critical fields in high-T c compounds imply a higher ∆h and a lower r c with a decrease in sensitivity. Moreover, working at low temperatures is no longer a problem nowadays. With modern cryocooler systems (or pulsed tubes), temperatures down to 1 K can be easily attained so that one can safely choose a working region around 10 K. Therefore, it is likely that, at the present stage of development, following the low T c route will lead to an easier implementation and better prototype study.
